Abstract. Lung cancer is the most common cancer and the most common cause of cancer-related death in the world. Nestin, a class VI intermediate filament, is known to be a cancer stem cell (CSC) marker as well as a neuroepithelial stem cell marker. High expression levels of nestin are reported in several types of cancers including lung, pancreatic and prostate cancers. Nestin is thought to regulate tumor cell proliferation, migration, invasion and CSC properties. Here, we confirmed nestin expression in non-small cell lung cancer (NSCLC): Immunohistochemical analysis in surgical specimens detected nestin protein expression in the cytoplasm of 20 of 48 adenocarcinoma (AD) cases (41.7%) and 25 of 47 squamous cell carcinoma cases (53.2%). Nestin immunoreactivity significantly correlated with not only tumor size and lymph node metastasis in NSCLC, but also poor survival in surgical patients with AD. High and moderate expression levels of nestin were confirmed in several lung AD cell lines including H1975 and PC-3. Nestin inhibition by shRNA decreased proliferation, migration, invasion and sphere formation in AD cells. Correspondingly, nestin upregulation by nestin gene transfection resulted in the opposite changes. Moreover, Akt inhibitor IV effectively decreased nestin expression via SRY-box containing protein 2 (Sox2) downregulation and overcame the enhanced sphere formation induced by nestin upregulation. Overall, our results show that nestin correlates with the aggressiveness and stemness of AD. Regulation of nestin via Akt/Sox2 is, thus, a promising candidate for novel therapeutic approaches to eradicate CSCs in lung AD.
Introduction
Lung cancer is the most common cancer and the most common cause of cancer-related death, representing 12.7% of all new cancers and causing 18.2% of total cancer deaths worldwide (1) . At diagnosis, more than 50% of patients have distant metastases and 25% have lymph node metastases (2) . Despite numerous therapeutic advances in lung cancer treatment (3, 4) , the prognosis remains dismal. The 5-year survival rate is 16% for all stages of lung cancer, and is only 45% even when only considering cases with lung-localized cancer (2, 3) . Histopathologically, lung cancer is classified into small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC), the latter including adenocarcinoma (AD), squamous cell carcinoma (SCC) and large cell carcinoma. AD is the most common histological subtype of NSCLC (5) . Molecular-targeted therapies for AD have been introduced in clinical settings, including epidermal growth factor receptor (EGFR)-tyrosine kinase inhibitors (TKIs) and crizotinib, which is an oral TKI that targets the oncogenic fusion product comprising echinoderm microtubule-associated protein-like 4 (EML4) and anaplastic lymphoma kinase (ALK) (4, 6, 7) . However, acquired resistances against these molecular-targeting therapies are inevitable (8) (9) (10) ; therefore, new treatment strategies are needed to improve the prognosis of lung cancer patients.
Nestin is a class VI intermediate filament with a short N-terminal extremity, which forms a heterodimer (11, 12) . It is also known as a neuronal stem/progenitor cell marker (13) . High nestin expression levels are observed in developing fetal tissues (14) , as well as in various malignant tumors, including glioblastoma (15) , malignant melanoma (16) , and pancreatic (17, 18) and prostate (19) cancers. Previous studies of these malignant tumors have shown that nestin expression correlates to worse prognosis, and that nestin inhibition suppresses tumor cell migration, invasion, metastasis and stemness (20) . Nestin expression has been also reported in lung cancers, with high nestin expression reportedly correlated with poor prognosis (21) (22) (23) , lymphovascular invasion (21, 24) , and stemness (25) in surgically treated NSCLC cases. Nestin inhibition also reportedly reduces cell growth and invasion in SCLC (26) . However, the detailed roles and molecular regulatory mechanisms of nestin expression in lung cancers are not well understood.
Nestin regulates proliferation, migration, invasion
and stemness of lung adenocarcinoma In the present study, we determine the expression patterns and roles of nestin in NSCLC. Our findings show that nestin downregulation induces anticancer effects, and that the Akt/SRY-box containing protein 2 (Sox2) signaling pathway regulates nestin expression in AD. These findings will enable us to develop the therapeutic strategies that target nestin in lung cancers.
Materials and methods
Materials. Materials purchased: mouse monoclonal anti-nestin antibody and recombinant human epidermal growth factor (EGF) from R&D Systems, Inc. (Minneapolis, MN); Histofine Simple Stain MAX PO (M) and (R) kits from Nichirei (Tokyo, Japan); High Capacity cDNA Reverse Transcription Kit, TaqMan Fast Universal PCR master mix, and TaqMan Gene Expression Assays for nestin (Hs00707120_s1) and 18S rRNA (Hs99999901_s1), pre-designed siRNAs targeting human nestin (s21143: siRNA-A and s21141: siRNA-B), negative control siRNA (silencer select negative control no. Patients and tissue specimens. We retrospectively studied 95 patients who were diagnosed with NSCLC and who had undergone surgery between 1994 and 2001 at Nippon Medical School Hospital. None of the included surgical patients had received chemotherapy or radiation therapy before surgery. All cases were classified according to the UICC 7th TNM staging (27) . Paraffin-embedded specimens were prepared for immunohistochemical analysis. The genetic profiles of driver oncogenes such as EGFR mutations were not examined, because all cases had been treated before the approval of EGFR-TKIs. The lung tissues from lung cancer patients were used only for immunohistochemical analysis. Immunohistochemical staining of the lung cancer tissue samples was carried out in accordance with the principles embodied in the Declaration of Helsinki, 2008. All included patients provided written informed consent for the use of their tissue specimens for medical research.
Immunohistochemistry. Paraffin-embedded tissue sections (3 µm) were subjected to immunostaining using Histofine Simple Stain MAX PO (M) or (R) kits, as previously reported (28, 29) . After deparaffinization, antigen retrieval for phosphorylated Akt antibody was performed at 121˚C for 15 min in a sodium citrate buffer solution (pH 6.0). For all antibodies, endogenous peroxidase activity was blocked by incubating sections for 30 min with 0.3% hydrogen peroxide in methanol. Sections were then incubated with monoclonal anti-nestin antibody (1:200 dilution), monoclonal anti-Akt (pan) antibody (1:100 dilution), monoclonal anti-phosphorylated Akt (Ser 473) antibody (1:50 dilution), or polyclonal anti-Sox2 antibody (1:100 dilution). Bound antibodies were detected with Simple Stain MAX PO (M) or (R) reagent, using diaminobenzidinetetrahydrochloride chromogen as the substrate. Negative control studies were performed by omitting the primary antibodies. In a blinded manner, two investigators (K.N. and Y.M.) separately evaluated each specimen at x200 magnification. A sample was considered positive if staining was present in the cytoplasm of more than 30% of the tumor cells, regardless of staining intensity (29) .
Lung adenocarcinoma cell lines. The cell lines A549 and RERF-LC-KJ were obtained from RIKEN BioResource Center (Ibaragi, Japan). PC-3 [the different cell line from the American Type Culture Collection (ATCC; Manassas, VA) CRL-1435] was obtained from the Health Science Research Resources Bank (Osaka, Japan). The PC-9, PC-14, and LC2/ad cell lines were obtained from Immuno-Biological Laboratories Co., Ltd. (Gunma, Japan). NCI-H1975 (no. CRL-5908, lot no. 3546434) and HCC827 (no. CRL-2868, lot no. 59389082) were obtained from ATCC. The cells were grown at 37˚C in a humidified 5% CO 2 atmosphere. The cancer cells were cultured in RPMI-1640 medium containing 15% fetal bovine serum (FBS), except for H1975, which was grown in RPMI-1640 containing 10% FBS.
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR).
A total of 2.5x10 5 cells were seeded in 60-mm dishes and incubated for 48 h. Total RNA was extracted from cells with the FastPure RNA Kit, and 1 µg was used for reverse transcription with the High Capacity cDNA Reverse Transcription kit, following the manufacturer's protocol. We performed qRT-PCR for nestin and 18S rRNA (as an internal standard) with the StepOnePlus Real-Time PCR system (Life Technologies) using specific primers and a TaqMan probe, as previously reported (30) . Cycling conditions were as follows: 20 sec at 95˚C, and then 40 cycles of 1 sec at 95˚C and 20 sec at 60˚C. qRT-PCR results are expressed as the ratio of target mRNA to 18S rRNA. Gene expression levels were measured in triplicate.
Construction of expression vector for nestin short hairpin RNA (nestin shRNA). To construct expression vectors for human nestin shRNA, we synthesized a DNA fragment that was flanked by the BamHI and HindIII sites and contained the sense target sequence for nestin (NM_006617; 5'-GAA-CAG-GAT-CAG-ATG-ACA-T-3'), the hairpin loop sequence (5'-TAG-TGC-TCC-TGG-TTG-3'), and the corresponding antisense sequence. This fragment was inserted into the pBAsi-hU6 Neo DNA vector (18) . The scrambled sequence (5'-TCT-TAA-TCG-CGT-ATA-AGG-C-3') was used as a negative control. Transfections of the nestin shRNA expression vector (Sh) and scrambled sequence-expressing vector (Sc) were performed using FuGene HD transfection reagent, according to the manufacturer's instructions. Briefly, H1975 cells (1x10 5 cells/well) were plated in 6-well plates and grown in 2 ml of RPMI-1640 medium with 10% FBS. The vectors (5 µg) were transfected into cells using 5 µl of FuGene HD, and the cells were passaged and cultured with 1,000 µg/ml of geneticin. Cell lysates were collected, and the decreased nestin mRNA was confirmed using qRT-PCR.
Construction of nestin expression vector.
The full-length nestin cDNA fragment was ligated to the 3' end of the human cytomegalovirus early promoter/enhancer in the eukaryotic expression vector pAcGFP1-N1 (18) . Proper orientation of the insert was verified by DNA sequencing. Transfections of the nestin expression vector (Nes) and empty vector (EV) into PC-3 cells were performed using FuGene HD transfection reagent, with the above-described protocol for Sh and Sc vectors. To produce stably-transfected PC-3 cells, the cells were passaged and cultured with 1,000 µg/ml of geneticin. Cell lysates were collected, and the increased nestin mRNA levels were confirmed using qRT-PCR.
Transfection with nestin-targeting small-interfering RNA (nestin siRNA).
Cells were seeded on 35-mm dishes, and then transfected twice with the nestin siRNAs in serum-free RPMI-1640 medium using TransIT-si-QUEST transfection reagent (30) . Briefly, each siRNA stock solution was mixed with TransIT-si-QUEST (2.0 µl/well) in serum-free medium, and incubated at room temperature for 15 min. This siRNA-lipid complex was then added to cultured cells, which were incubated for 24 h at 37˚C. Next, the medium was replaced with fresh medium containing FBS, siRNA was administered a second time, and the treated cells were cultured for 48 h before being collected for analyses. Prior to this experiment, we transfected cells with the siRNAs once or twice at concentrations ranging from 5-20 nM, and used qRT-PCR to determine that the appropriate siRNA concentration was 10 nM.
Immunofluorescent staining and confocal laser microscopy.
The same anti-nestin antibody used for the immunohistochemistry was employed for immunofluorescent staining. H1975-and PC-3-derived cells (1x10 5 cells) were plated in 35-mm glass-bottomed dishes and incubated for 72 h at 37˚C in a humidified 5% CO 2 atmosphere. Cells were fixed with 4% paraformaldehyde for 15 min. The fixed cells were treated with 50 mM glycine for 5 min, 0.1% Triton X-100 for 5 min, and 10% donkey serum for 30 min at room temperature. The cells were then incubated with the anti-nestin antibody (1:50 dilution) in phosphate-buffered saline containing 1% bovine serum albumin overnight at 4˚C. Next, the cells were washed with phosphate-buffered saline, and incubated with Alexa 488-conjugated goat anti-mouse IgG for 1 h. The cells were mounted with Vectashield mounting medium containing DAPI. Fluorescent images were acquired using a confocal laser scanning microscope Digital Eclipse TE 2000-E (Nikon Insteck Co., Ltd., Tokyo, Japan), and were analyzed using the confocal microscope Digital Eclipse C1 control software EZ-C1 version 2.30 (Nikon Insteck Co., Ltd.).
Cell proliferation assay. The growth rates of lung AD cells were analyzed using a non-radioactive cell proliferation assay (31) . The H1975-and PC-3-derived cells were seeded at a density of 5x10 3 in 96-well plates in RPMI-1640 medium with 10 and 15% FBS, respectively. The cells were incubated at 37˚C in a humidified 5% CO 2 atmosphere for 3 days for shRNA-or vector-transfected cells, and 5 days for inhibitor-treated cells. Then, the cells were incubated with WST-8 cell counting reagent for 4 h at 37˚C and the optical density of the culture solution in the plate was measured at 450 nm using an ELISA plate reader (Bio-Rad, Hercules, CA). Experiments were performed in triplicate.
Time-lapse analysis. To confirm the effects of nestin on cell migration, we performed a time-lapse assay of single cell movement. Briefly, 1,000 cells/well were seeded onto 4-well glass-bottom dishes and grown for 48 h. Cell movement was then monitored for 24 h using a Biostation IM (Nikon Insteck, Co., Ltd.), which photographed the cells every 5 min. The total distances covered by individual cells within 24 h were determined using MetaMorph software 7.6 (Universal Image Corp., Ltd., Buckinghamshire, UK), as previously reported (32) . Images were taken from four areas of each well at x200 magnification, and the movement of all cells in each field was analyzed. Approximately 50-100 cells in each well were analyzed for single-cell movement.
Cell invasion assays.
To assess the effect of nestin on H1975 cell invasion through Matrigel, we used a modified Boyden chamber technique as previously reported (18) . Briefly, cells were suspended in 500 µl serum-free medium, and 1.0x10 5 cells were placed in the upper component of Matrigel-coated inserts. The lower compartment was filled with 750 µl medium containing 10% FBS, and the cells were incubated at 37˚C in a humidified 5% CO 2 atmosphere. After 8 h, the cells on the bottom surface of the filter were fixed and stained with a Diff-Quick staining kit, and were counted under a light microscope. PC-3 cells were not appropriate for this study due to their extremely low motility.
Sphere-forming assays. To determine whether alteration of nestin expression levels affected the cancer stem cell (CSC)-like characteristics of AD cells, we performed sphere formation assays (16) . PC-3 cells (1.0x10 4 cells/well) were plated in 24-well ultra-low attachment plates with serum-free medium supplemented with bFGF (10 ng/ml) and EGF (20 ng/ml). After 7 days, the number of spheres in each well was counted using a phase-contrast microscope (Eclipse TE2000-U; Nikon Insteck, Co., Ltd.). Experiments were performed in triplicate.
Screening for nestin-related signaling pathways using an inhibitor kit. We screened for molecules that regulated nestin expression using the SCADS inhibitor kit III containing a total of 95 compounds in a 96-well plate. PC-3 cells (1.0x10 3 cells/well) were seeded in a 96-well plate on day 1, and each inhibitor was added at 5 µM on day 3. On day 5, we examined the altered levels of nestin mRNA by performing direct qRT-PCR analysis of nestin using the TaqMan Fast Cells-to-CT kit.
Western blot analysis. Protein was extracted from cells using 2 M thiourea buffer (33) , and the lysates were centrifuged twice for 10 min at 3,000 rpm and once for 30 min at 15,000 rpm to pellet cell debris. The resulting supernatants were collected, and the protein concentration was measured using a Qubit fluorometer (Life Technologies). Lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using reducing conditions for each antibody. Immunoblotting was performed using mouse anti-nestin antibody (1:8,000 dilution), mouse anti-Akt (pan) antibody (1:2,000 dilution), rabbit anti-phosphorylated Akt (1:2,000 dilution), and rabbit anti-Sox2 antibody (1:1,000 dilution). To assess lane loading, the membranes were also blotted with mouse anti-GAPDH antibody and mouse anti-β-actin antibody.
Statistical analysis. All quantitative data are presented as mean ± standard deviation (SD), and were assessed using Student's t-test and the Tukey-Kramer test. The χ 2 test and Fisher's exact test were used to analyze the correlations between nestin expression and clinicopathological features. Cumulative survival rates were calculated by the Kaplan-Meier method. The significance of differences in survival rate was analyzed by the log-rank test, with p<0.05 considered significant in all analyses. Computations were performed using the StatView J version 4.5 software package (SAS Institute, Inc., Cary, NC).
Results
Immunohistochemical analysis of nestin in NSCLC specimens. Immunohistochemical analysis was performed to examine nestin expression in surgically resected NSCLC tissues. Positive nestin protein expression was detected in the cytoplasm of 20 of 48 AD cases (41.7%) and 25 of 47 SCC cases (53.2%) (Fig. 1A, Table I ). Nestin immunoreactivity in NSCLC correlated with tumor size and lymph node metastasis (p= 0.02, Table I ). The nestin-positive and nestin-negative groups did not significantly differ in any other factors, including age, gender, tumor differentiation, patho- logical staging, lymphovascular invasion, vascular invasion, intrapulmonary metastasis and pleural invasion. To explore the therapeutic potential of targeting nestin, postoperative survival was evaluated, although the number of patients was small. Kaplan-Meier analysis showed no statistical differences in overall survival rates between nestin-positive and nestin-negative groups among all NSCLC (Fig. 1B) or within the SCC subpopulation (Fig. 1C) . However, within the AD subpopulation, the overall survival rates significantly differed between nestin-positive and nestin-negative groups (p= 0.02; Fig. 1D ), indicating that nestin expression might correlate with poorer survival in AD.
Nestin expression in AD cell lines and shRNA transfection.
We next confirmed nestin expression levels in human lung AD cell lines by qRT-PCR (Fig. 2A) . H1975 cells showed the highest levels of nestin mRNA, and PC-3 expressed moderate nestin levels. To examine the effects of nestin inhibition in AD cells, we established nestin shRNA-transfected H1975 (Sh) cells. qRT-PCR showed that nestin mRNA expression was significantly decreased in Sh cells compared to in untreated and scrambled sequence-expressing vector-transfected (Sc) cells (p<0.05; Fig. 2B ), but the Sh cells exhibited no characteristic morphological changes. Immunofluorescent staining confirmed decreased levels of nestin protein expression in Sh cells compared to untreated and Sc cells (Fig. 2C) . Thus, H1975 cells were used in the following experiments to examine the inhibitory effects of nestin on AD cell behavior. Table I . Immunohistochemistry of nestin in surgically treated non-small cell lung cancer cases (n=95).
Nestin expression Cell growth, migration, invasion and sphere formation assays in nestin shRNA-transfected H1975 cells. In order to clarify the effects of nestin downregulation on cell growth, migration, invasion and stemness of lung adenocarcinoma cells, we used H1975 untreated, Sc and Sh cells. Compared to untreated and Sc cells, Sh cells exhibited significantly decreased cell proliferation (p<0.05; Fig. 3A ) and cell migration in the time-lapse assay (p<0.05; Fig. 3B ). The Boyden chamber assay showed that Sh cell invasion through Matrigel was markedly inhibited (p<0.05 vs. untreated and Sc; Fig. 3C ). We also analyzed sphere formation of H1975 to determine CSC properties. In the ultra-low attachment plates, Sh cells exhibited remarkably decreased sphere size and number compared with in untreated and Sc-transfected H1975 cells (p<0.05; Fig. 3D ). Overall, our results showed that inhibition of nestin in H1975 cells resulted in reduced cell proliferation, migration, invasion and sphere-forming ability.
Cell growth, migration and sphere formation assays in nestin gene-transfected PC-3 cells.
We also established nestin expression vector-transfected PC-3 (PC-Nes) cells to examine the effects of upregulation of nestin on AD cell behavior. Transfection with PC-Nes significantly enhanced nestin expression at both the mRNA and protein levels compared to the untreated and empty vector-transfected PC-3 (EV) cells (p<0.05; Fig. 4A and B) . Stable transfection of the nestin gene resulted in increased PC-3 cell proliferation and migration (p<0.05; Fig. 4C and D) . PC-Nes cells also showed higher sphere formation capability regarding the number of spheres (p<0.05 vs. untreated and EV; Fig. 4E ). Overall, increased nestin expression in PC-3 cells resulted in the opposite effects on cell behavior, when compared to the effects of decreased nestin expression in H1975 cells.
Screening analysis using chemical compounds to clarify the candidate molecules of signaling pathway that regulate nestin expression in lung adenocarcinoma cells.
Next, we searched for upstream molecules of nestin using the SCADS Inhibitor Kit III, which included 95 chemical compounds that each inhibited a specific molecular target (34) . In PC-3 cells, several compounds suppressed nestin mRNA expression, including cyclin-dependent kinase (CDK) inhibitors, as expected from previous reports (35, 36) . Akt inhibitor IV led to a 72% reduction of nestin expression compared to in the DMSO-treated negative control. Akt is located downstream of the EGFR pathway (37, 38) , and Akt regulates Sox2 expression and the self-renewal of CSC-like cells in NSCLC (39) . Sox2 is also known to be a transcriptional factor for nestin (40) . We confirmed co-expression of nestin, Akt, phosphorylated Akt (p-Akt), and Sox2 in serial tissue sections from AD cases (Fig. 5) . Thus, we focused further experiments on Akt inhibitor IV to clarify the relationship between Akt, Sox2 and nestin in AD cells.
Nestin expression is regulated via Akt/Sox2 signaling.
Concordant with the results of screening analysis of nestin regulatory pathway using PC-3 cells with chemical compounds, qRT-PCR analysis and immunofluorescent staining confirmed the effective inhibition of nestin mRNA and protein expression by Akt inhibitor IV in H1975 and PC-3 cells (p<0.05 vs. DMSO-treated cells; Fig. 6A and B) . Then we investigated changes in the expression of signaling pathway molecules, including p-Akt, Akt and Sox2. Akt inhibitor IV decreased the expression levels of Akt, p-Akt, and Sox2 in both H1975 and PC-3 cells (Fig. 6C) . On the other hand, transfection of nestintargeting siRNAs (siRNA-A and siRNA-B) into H1975 cells resulted in dramatically decreased expression levels of nestin mRNA and protein compared with the untreated and negative control siRNA (siControl)-transfected H1975 cells (p<0.05; Fig. 7A and B) . In contrast, nestin siRNAs did not decrease the expression levels of p-Akt, Akt or Sox2 (Fig. 7C) . These results indicate that Akt is located upstream of nestin, and that Akt/ Sox2 signaling regulates nestin expression.
Cell growth, migration and invasion assays under Akt inhibitor IV administration.
Concordant with the result of nestin downregulation, Akt inhibitor IV inhibited cell proliferation of H1975 cells ( * p<0.05 vs. DMSO-treated cells; Fig. 8A ). Inhibition of Akt significantly inhibited the migration of H1975 cells compared with DMSO-treated cells (p<0.05; Fig. 8B ), and Boyden chamber assays confirmed that Akt inhibitor IV decreased invasion of H1975 cells (Fig. 8C) .
Inhibitory effects of Akt inhibitor IV on nestin expression in nestin gene-transfected PC-3.
Comparative studies showed that among the three tested cell signaling inhibitors, Akt inhibitor IV, p38 inhibitor (SB203580), and MEK 1/2 inhibitor (U0126), only Akt inhibitor IV significantly inhibited nestin expression in H1975 and PC-3 cells (p<0.05 vs. untreated and DMSO-treated groups; Fig. 9A and B) . Next, we evaluated the effects of these inhibitors on nestin gene-transfected PC-3 cells (Fig. 9C) . Stably nestin gene-transfected PC-Nes cells showed significantly increased nestin expression compared with the untreated and EV cells ( * p<0.05; Fig. 9C ). In PC-Nes cells, only Akt inhibition resulted in nestin downregulation ( § p<0.05 vs. PC-Nes+/-DMSO; Fig. 9C ).
We also evaluated sphere formation in PC-Nes cells following treatment with each inhibitor. PC-Nes cells exhibited significantly enhanced sphere formation (in both size and number) compared with DMSO-treated and EV cells ( * p<0.05; Fig. 9D and E) . Compared to SB203580 and U0126, Akt inhibitor IV more markedly suppressed this increased sphere formation in PC-Nes cells ( ‡ p<0.05 vs. PC-Nes cells with SB203580 or U0126; Fig. 9D and E) . Akt inhibitor IV-treated PC-Nes cells also exhibited reduced sphere formation compared to DMSO-treated cells and EV cells ( * p<0.05; Fig. 9D and E) . These findings indicated that Akt inhibitor IV effectively overcame the enhanced sphere formation induced by nestin upregulation. Overall, the Akt-Sox2-nestin pathway regulates cell proliferation, migration, invasion and sphere formation in lung AD.
Discussion
Our present results showed that nestin regulates growth, migration, invasion and stemness of lung AD, and that the Akt/Sox2 pathway regulates nestin expression and functions. To the best of our knowledge, this is the first report to elucidate the detailed functions and signaling regulation mechanism of nestin in lung cancer. These findings will help develop new therapies to target nestin in lung cancers.
Akt is located downstream of EGFR, a well-known molecular target in AD. Previous immunohistochemical analysis of NSCLC biopsy specimens revealed Akt overexpression in 62% and phosphorylated Akt in 44% (41) , and constitutional Akt activation in NSCLC cells promotes survival and resistance to chemotherapy and radiation (37) . Akt also reportedly regulates Sox2 expression and self-renewal of CSC-like cell sub-populations in NSCLC (39) . Sox2 is a key transcription factor in both embryonic stem cells and induced pluripotent stem cells, and is also expressed in various cancers (42) . Sox2 overexpression reportedly correlates with stemness, augmentation of tumorigenicity, and poorer prognosis in lung AD (43, 44) . Moreover, the enhancer region of the nestin gene has been shown to contain a Sox2 binding site (40) . Our study demonstrated that inhibition of Akt and p-Akt by Akt inhibitor IV resulted in downregulation of Sox2 and nestin, and that siRNA targeting nestin did not affect the expression levels of Akt, p-Akt or Sox2. These observations clarified the nestin regulating pathway via Akt/Sox2 and the therapeutic potential of targeting nestin. Together, these findings highlight and explain the significance of upstream nestin-regulating mechanisms in lung AD. In the present study, we used two types of lung AD cell lines that each have a different EGFR gene status: PC-3 has no activation of EGFR signaling (45) , whereas H1975 harbors exon 19 deletion and T790M mutation in EGFR (46) . We did not observe any conflicting cell behavior between these two types of AD cells when nestin expression was increased or decreased; thus, we suggest that EGFR mutation status does not affect the roles of nestin in AD cells. However, the relationship between nestin expression status and resistance to EGFR-TKIs requires further investigation.
Several groups have confirmed that nestin correlates with poorer postoperative prognosis in patients diagnosed with NSCLC, including AD, SCC and large cell carcinoma (21-24). Here we confirmed that nestin might be related to shorter postoperative survival in patients diagnosed with AD. Nestin expression was also correlated to tumor size and LN metastasis. Moreover, we found that nestin inhibition induced anticancer effects (including anti-proliferation, migration and invasion) as well as suppressed sphere formation. Sphere formation ability represents the CSC property in various cancers, including NSCLC (47) . CSCs, defined as a subpopulation that can self-renew and maintain the tumor presence (48) , are also characterized by resistance to radiation and chemotherapy (49, 50) . Several markers have been proposed to identify CSCs in NSCLC, including CD133 (49), ATP-binding cassette subfamily G member-2 (ABCG2) (51), aldehyde dehydrogenase-1 (ALDH-1) (52) and Hoechst side population (51) . However, these markers are not sufficiently sensitive and specific to CSCs (53) , possibly reflecting the heterogeneity of each tumor, histological subtype and individual (54) . Here we showed that nestin upregulation induced increased sphere formation, while nestin downregulation (by both shRNA and Akt inhibition) resulted in decreased sphere forming ability. These findings indicate that nestin is a key regulator of CSCs in AD. Recent therapeutic advances have led to the molecular targeting therapies that inhibit driver oncogenes; however, these therapies inevitably face acquired resistance, resulting in unfavorable outcomes in AD. Nestin-targeting therapy may eradicate CSCs in AD; thus, suppressing relapse and resistance against chemotherapy and molecular-directed therapy targeting driver oncogenes.
The results of our screening assay confirmed that nestin expression was decreased by some chemical compounds that target specific signaling molecules, including several compounds that specifically inhibit Akt. The chemical agent that strongly decreased nestin expression was Akt inhibitor IV, a cell-permeable compound that inhibits Akt phosphorylation/activation. Akt inhibitor IV presumably targets the ATP binding site of a kinase that is upstream of Akt but downstream of phosphatidylinositol-3 kinase (PI3K), resulting in blockade of the Akt-mediated nuclear export of forkhead box O1 (FOXO1) to the cytoplasm (55) . FOXO1 is a transcriptional regulator of the G1/S checkpoint and of apoptosis. Loss of FOXO1 activity that is induced by phosphorylation via Akt signaling impairs cell cycle arrest, resulting in unlimited proliferation (56) . EGFR-TKI resistance is driven by Akt activation, and can be overcome by decreasing Akt signaling with Akt inhibitors, resulting in FOXO1 reactivation or expression (57) . FOXO1 is reported to control Sox2 expression (58) . Therefore, inhibition of FOXO1 by Akt inhibitor IV might also promote nestin downregulation via suppression of Sox2 signaling.
In our screening assay using chemical compounds, we also found that nestin expression was strongly inhibited by Akt inhibitor VIII, the activity of which is reportedly pleckstrin homology (PH) domain-dependent (59) . In contrast, nestin mRNA level was only slightly decreased by Akt inhibitor XI, which directly affects Akt but not the level of p-Akt. The relationship between the inhibitory effect on nestin and the mechanism of Akt inhibition for each Akt inhibitor remains unclear, but further investigation of the signaling pathway that connects Akt with nestin might reveal an appropriate approach to Akt inhibition that enhances nestin downregulation. We have also confirmed the nestin-inhibiting ability of compounds that inhibit cell cycle and mitosis, such as cdk1/2 inhibitor III and cdk2/9 inhibitor. Thus, nestin is thought to play important roles in the cell cycle of tumor cells, and cell cycle-targeted therapies via downregulation of nestin and its upstream molecules are promising for the development of new anticancer drugs.
In this study, we confirmed the expression of nestin in NSCLC and its correlation with poor survival in surgical patients with AD. Nestin inhibition in AD cell lines resulted in decreased proliferation, migration, invasion and sphere formation. Correspondingly, nestin upregulation increased proliferation, migration, and sphere formation. Akt inhibitor IV effectively decreased the expression of nestin mRNA and protein via Sox2 downregulation, and decreased proliferation, migration, invasion and sphere formation in AD. The effects of Akt inhibitor IV were strong enough to overcome the enhanced sphere formation induced by nestin upregulation.
In conclusion, nestin regulates proliferation, migration, invasion and stemness of lung AD, and thus nestin is considered a promising novel molecular target in AD. 
